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We perform an optical spectroscopy study to investigate the properties of different artificial MoS2
bi- and trilayer stacks created from individual monolayers by a deterministic transfer process. These
twisted bi- and trilayers differ from the common 2H stacking in mineral MoS2 in the relative stack-
ing angle of adjacent layers and the interlayer distance. The combination of Raman spectroscopy,
second-harmonic-generation microscopy and photoluminescence measurements allows us to deter-
mine the degree of interlayer coupling in our samples. We find that even for electronically decoupled
artificial structures, which show the same valley polarization degree as the constituent MoS2 mono-
layers at low temperatures, there is a resonant energy transfer between individual layers which acts
as an effective luminescence quenching mechanism.
I. INTRODUCTION
In addition to graphene, a large family of two-
dimensional crystal structures1–3 has attracted scientific
interest in recent years. One of the most intriguing as-
pects of two-dimensional crystals is the possibility to
stack individual layers on top of each other to create ar-
tificial structures. In these structures, different material
classes, such as insulators and semiconductors, can be
combined to form heterostructures4,5. Interlayer inter-
action in these heterostructures may be used to break
the crystal symmetry and create a superlattice poten-
tial modulation6. Depending on the alignment of energy
levels in adjacent layers, charge separation can occur7,
and interlayer excitons may form8. However, artificial
stacks built from a single material may also differ sub-
stantially from the bulk properties: the stacking process
yields additional degrees of freedom, such as the rela-
tive crystallographic orientation of adjacent layers and
the interlayer distance. These degrees of freedom may be
exploited to systematically influence the effective band
structure, especially in materials whose electronic struc-
ture changes strongly with the number of layers. A ma-
terial system that is particularly suited for this is MoS2,
the most prominent member of a family of semiconduct-
ing dichalcogenides that also includes WS2, WSe2 and
MoSe2
9. While bulk MoS2 is an indirect-gap semicon-
ductor, its band structure changes with the number of
layers, and single-layer MoS2 has a direct gap due to con-
finement effects10–13. Due to the two-dimensional con-
finement and reduced dielectric screening in single lay-
ers, excitons with large binding energies dominate the
optical properties of the semiconducting dichalcogenides,
even at room temperature14–16. An important property
of monolayer (ML) dichalcogenides is the coupling of spin
and valley degrees of freedom17, which is directly related
to the inversion asymmetry of the ML crystal structure.
Valley physics in ML dichalcogenides are directly accessi-
ble by interband transitions, as the optical selection rules
for MLs allow for valley- and spin-selective excitation of
electron-hole pairs. An optically generated valley polar-
ization manifests itself as a partial circular polarization of
the photoluminescence (PL)18–23. By contrast, for bilay-
ers that are stacked in the 2H stacking order prevalent in
mineral MoS2, which contains an inversion center, spin-
valley coupling is absent. Recently, artificially stacked
MoS2 bilayers have been studied by several groups
24–28,
and a significant drop of the PL intensity with respect
to isolated monolayers was observed in these structures.
Additionally, PL emission at energies below the A ex-
citon transition in monolayers was reported, indicating
a modification of the electronic band structure towards
an indirect band gap in the artificial bilayers caused by
interlayer coupling.
Here, we use optical spectroscopy to investigate the
properties of different artificial MoS2 bi- and trilayers cre-
ated by a deterministic transfer process. The combina-
tion of Raman spectroscopy, second-harmonic-generation
microscopy and photoluminescence measurements allows
us to determine the degree of interlayer coupling in our
samples. We find that we are able to create decoupled ar-
tificial bilayers and trilayers, which demonstrate the same
valley polarization degree as the MoS2 monolayers at low
temperatures, indicating that the coupling is weak and
that the inversion asymmetry of the monolayer is pre-
served. Although the coupling in our artificial structures
is weak enough to preserve the valley polarizability and
direct-gap band structure of isolated monolayers, we are
able to identify a resonant energy transfer between layers,
which acts as a quenching mechanism for the photolumi-
nescence. Its efficiency strongly depends on the inter-
layer distance and on the photocarrier dynamics, which
are modified by changing the sample temperature.
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2II. METHODS
A. Sample preparation
We use two different ways of creating artificial MoS2
stacks. Both techniques are based on a recently devel-
oped deterministic transfer process29: first, mono- and
few-layer MoS2 flakes are created from bulk MoS2 min-
eral crystals by mechanical exfoliation using adhesive
tape. The flakes are then deposited on viscoelastic, trans-
parent polydimethylsiloxane (PDMS) substrates. Sub-
sequently, the flakes are transferred from the PDMS
onto a silicon substrate. Here, we use a silicon wafer
with a 285 nm thick SiO2 oxide layer and predefined
metal markers. During the exfoliation and transfer to
the PDMS, folds develop in some of the flakes, leading
to the random formation of twisted bi- and trilayer ar-
eas. These folded areas are typically rather small (a few
square µm), but sufficiently large for optical spectroscopy
measurements. Due to the fact that the folding process
occurs during the exfoliation, the flake surfaces within
the fold are only directly exposed to ambient conditions
for a short period of time.
Alternatively, we can prepare artificial stacks of MoS2
flakes in a more controlled way by using repetitive trans-
fer processes. For this, we first prepare a suitable flake
on top of a silicon substrate, and a second flake on top
of PDMS. The second flake is then aligned and stamped
onto the flake on the silicon substrate. This process al-
lows us to create larger artificially stacked regions (lim-
ited by the size of the individual flakes), and typically
gives optical access to the individual constituent layers
in areas where the flakes do not overlap. However, in
this process, the flake surfaces are exposed to ambient
conditions for a substantial amount of time before the
stacking operation is performed.
B. Optical spectroscopy
Raman spectroscopy measurements are performed at
room temperature. For this, we use a microscope setup,
in which a linearly polarized 532 nm cw laser is coupled
into a 100x (1 µm laser spot size) microscope objective,
which also collects the scattered light in backscattering
geometry. The scattered light is recorded using a grat-
ing spectrometer equipped with a Peltier-cooled charge-
coupled device (CCD) sensor. For most measurements
of the higher-frequency Raman modes in MoS2 (E
1
2g and
A1g), a longpass filter suppresses the elastically scattered
laser light. For measurements of the lower-frequency
shear mode, a set of three reflective volume Bragg grat-
ing filters is used to deflect the elastically scattered laser
light. Additionally, a polarizer is placed in front of the
spectrometer and oriented so that only scattered light
with linear polarization orthogonal to the laser is trans-
mitted. The use of the Bragg grating filters gives ac-
cess to, both, Stokes and Anti-Stokes Raman signals in
the same spectrum. The sample is mounted on a motor-
ized XY table and scanned under the microscope. Room-
temperature PL measurements are performed using the
same setup. For low-temperature PL measurements, the
samples are mounted in vacuum on the cold finger of a
small He-flow cryostat, which can also be scanned under
the microscope. In PL and Raman scanning experiments,
full spectra are collected for each laser spot position de-
fined on a square lattice.
In order to extract information from these spectra, an
automated fitting routine is employed, which yields the
integrated intensity, spectral position and full width at
half maximum (FWHM) of the characteristic PL and
Raman spectral features. To study valley polarization
effects, near-resonant excitation is employed in the PL
setup. For this, we employ a 633 nm cw Helium-Neon
laser. This laser is circularly polarized by a quarter-wave
plate and coupled into the microscope system. A long-
pass filter is used to suppress scattered laser light, and
the circular polarization of the PL is analyzed using a
second quarter-wave plate and a linear polarizer placed
in front of the spectrometer.
Second-harmonic generation (SHG) measurements are
performed at room temperature. For these measure-
ments, a mode-locked Ti:sapphire laser generating 80 fs
pulses is utilized in conjunction with a microscope setup
similar to the one described above. Laser pulses tuned
to a center wavelength of 830 nm are coupled into a
100x microscope objective, which also collects the SHG
in backscattering geometry. The backscattered light is
spectrally filtered by a 600 nm shortpass and analyzed in
a grating spectrometer equipped with a liquid-nitrogen-
cooled CCD sensor.
In order to determine the crystallographic orientation
of different MoS2 flakes, linearly polarized excitation is
utilized, and only the SHG with polarization parallel to
the excitation is detected. The sample is rotated beneath
the microscope setup. In SHG mapping experiments, cir-
cularly polarized excitation is used, and there is no po-
larization analysis of the SHG intensity. The sample is
scanned under the microscope, and the total SHG in-
tensity is recorded for each sample position defined on a
square array.
III. RESULTS AND DISCUSSION
We will mainly discuss the results obtained on two dif-
ferent sample structures, which are depicted in figure 1.
Sample A2 (Fig. 1(a)) consists of two MoS2 flakes which
were stacked on top of each other in subsequent trans-
fer processes. Both flakes contain monolayers, and their
overlapping region forms an artificial bilayer (aBL) whose
stacking order differs from the naturally occurring 2H
stacking. The top ML also covers few-layer areas of the
bottom flake. Sample A3 (not shown) was prepared in
a similar manner by stacking two flakes on top of each
other. Sample C1 (Fig. 1(b)) consists of a single MoS2
310 µm
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FIG. 1. Sample structures: Optical microscopy images of
samples A2(a) and C1(b). In (a), the outlines of the two
monolayers (ML) stacked on top of each other are marked by
dashed lines (bottom and top ML are marked as bML and
tML), and the artificial bilayer (aBL) region is indicated. In
(b), the outlines of the 2H-stacked bilayer (BL), aBLs and ar-
tificial trilayers (aTL) created by twisting/folding are marked
by dashed lines.
flake which was folded during the exfoliation process, so
that in the center part of the large ML, 4 petal-like double
folds are formed, which correspond to artificial trilayers
(aTL). Additional folds are present at the edges of the
ML, corresponding to aBLs.
A. Raman spectroscopy
First, we discuss Raman spectroscopy of samples A2
and C1. Raman spectroscopy has been established as a
fast, nondestructive means of characterization of MoS2
flakes prepared from bulk, 2H-stacked mineral MoS2. In
these flakes, there is a pronounced dependence of the
characteristic Raman mode frequencies on the number
of layers. The A1g mode, which is an out-of-plane op-
tical vibration of the S atoms, stiffens with additional
layers due to increasing restoring forces acting on the S
atoms. By contrast, the E12g mode, which corresponds
to an in-plane optical vibration of Mo and S atoms,
anomalously softens with additional layers30. This soft-
ening is attributed to enhanced dielectric screening31 and
next-nearest-neighbor interactions32. Therefore, the fre-
quency difference ωDiff = ωA1g − ωE12g between the two
modes can be used as a fingerprint for the number of lay-
ers, at least for flakes of up to 4 layers, while for thicker
layers the mode positions approach the bulk limit. Addi-
tionally, the Raman intensity of the A1g and E
1
2g modes
may be used to quantify the number of layers in mechan-
ically exfoliated flakes. The Raman intensity dependence
on the number of layers is highly nonmonotonic due to
substrate-induced and internal interference effects, and
distinct intensity maxima are obtained for certain flake
thickness values33, with the first maximum at 4 layers.
We can compare these findings for 2H-stacked min-
eral MoS2 to the results we obtain on artificially stacked
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FIG. 2. Raman spectroscopy of sample A2: (a) False
color plot of the A1g Raman mode intensity. (b) False color
plot of the A1g−E12g Raman mode frequency difference ωDiff.
The red dashed lines in (a) and (b) mark the outline of the
aBL region. (c) Raman spectra of ML and aBL regions. A BL
spectrum measured on sample C1 is included for comparison.
MoS2. In Figures 2(a) and 3(a), we plot false color maps
of the Raman intensity of the A1g mode. The two false
color plots clearly reproduce the topography of our sam-
ples, with the aBL and aTL layers showing higher Raman
intensities than the ML parts. In sample A2, we also
observe a decreased Raman intensity in the multilayer-
region of the bottom flake that is covered by the top ML.
In this multilayer region, the bottom flake consists of 4
and more layers, so that an additional layer decreases
the Raman intensity due to interference effects. In sam-
ple C1, the aTL petals on the top and the left mostly
have a width below the laser spot size of about 1 µm, so
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FIG. 3. Raman spectroscopy of sample C1: (a) False
color plot of the A1g Raman mode intensity. (b) False color
plot of the A1g−E12g Raman mode frequency difference ωDiff.
The red (aTL) and orange (aBL) dashed lines in (a) and (b)
mark the outline of the artificially stacked regions. The col-
ored circles in (a) and (b) mark the positions of the aBL and
aTL Raman spectra shown in (c). (c) Raman spectra of ML,
BL, aBL and aTL regions.
that they are less visible in the intensity map than the
other two aTL petals due to spatial averaging.
We find remarkable differences between the samples
in the Raman frequency difference maps shown in Fig-
ures 2(b) and 3(b): in sample A2, the frequency differ-
ence between the A1g and E
1
2g modes is identical for both
ML flakes and the aBL region, so that the aBL region
is not observable in the frequency difference map. Ad-
ditionally, there is no effect of the top ML on the fre-
quency difference in the multi-layer region of the bottom
flake. By contrast, in sample C1, all aBL and aTL re-
gions show a larger frequency difference than the ML, so
that the frequency difference map clearly reproduces the
topography of the flake. We directly compare the Ra-
man spectra for different regions in samples A2 and C1
in Figures 2(c) and 3(c). For sample A2, we see that both
Raman modes for the aBL are slightly redshifted (by less
than 0.5 cm−1) as compared to the ML, in striking con-
trast to the modes of a 2H-stacked BL (in Figure 2(c), a
spectrum of a 2H-stacked BL measured on sample C1 is
included for direct comparison), where a blueshift of the
A1g by about 2.5 cm
−1 and a redshift of the E12g by about
1 cm−1 occur. This is a clear indication that interlayer
coupling in the aBL of sample A2 is significantly reduced
as compared to a 2H-stacked BL. The small redshift we
observe for both modes in the aBL most likely stems from
dielectric screening, which is less sensitive to the relative
crystallographic orientation of adjacent layers than, e.g.,
van der Waals force constants between atoms. In sample
C1, we find that the aBL and aTL regions show Raman
mode shifts that are qualitatively similar to 2H-stacked
MoS2 - however, direct comparison to a 2H-stacked BL
shows that, both, the blueshift of the A1g mode and the
redshift of the E12g mode are less pronounced, even for
the aTL regions, indicating that interlayer coupling in
this sample is still reduced compared to regular 2H crys-
tals.
Remarkably, we can also observe clear differences in
the sensitivity of the Raman modes on the interlayer
coupling: while the E12g mode positions for two differ-
ent aBL and aTL regions (the measurement positions
are indicated by the colored circles in the false color
plots in Fig. 3(a) and (b)) match, the A1g mode posi-
tions for these regions, which have different relative crys-
tallographic orientations, differ by about 1 cm−1. This
finding supports our interpretation that the redshift of
the E12g mode in the artificially stacked layers is due to
dielectric screening, which is less sensitive to the stacking
angle, while the out-of-plane A1g mode frequency is sen-
sitive to nearest-neighbor-interactions between adjacent
layers. The frequency difference of about 22 cm−1 for the
aBL regions in sample C1, and the larger dependency of
the A1g mode on stacking angle, are in qualitative agree-
ment with Raman spectroscopy characterization of aBLs
reported by other groups. However, we should note the
different source materials: while our aBLs are prepared
from exfoliated MoS2 flakes, the other groups
25–27 uti-
lized CVD-grown MoS2 triangular islands. Direct com-
parison of the Raman modes in exfoliated ML flakes and
CVD-grown, triangular MLs show an increased frequency
difference for the CVD-grown material34, most likely due
to an increased interaction with the SiO2 substrate.
We now to turn to low-frequency Raman spectroscopy
measurements, which give access to the rigid-layer vibra-
tional modes that are generic to layered materials. These
vibrational modes have low frequencies due to the weak
van der Waals forces between individual layers. Natu-
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FIG. 4. Low-frequency Raman spectroscopy:(a) Low-
frequency Raman spectra measured at different positions on
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traces (4L+ML) indicate measurements on layers of known
thickness covered with an additional monolayer. (b) Shear
mode frequency as a function of the number of layers. Cir-
cles indicate measurements on naturally stacked layers, stars
measurements on regions covered with an additional mono-
layer. (c) Raman spectra of naturally stacked bilayer and
aTL region in sample C1.
rally, these modes are absent in MLs, and they also have
a characteristic dependency on the number of layers35–38.
The interlayer Raman modes that yield the largest ob-
servable signal in MoS2 are the highest-frequency in-
terlayer shear mode and the lowest-frequency interlayer
breathing (or compression) mode that are allowed for a
certain number of layers. While the shear mode shifts to
higher frequencies with the number of layers, the breath-
ing mode shifts to lower frequencies.
In our low-frequency Raman measurements, we de-
tect signals with polarization perpendicular to that of
the laser, so that due to polarization selection rules, we
are sensitive to the interlayer shear mode, only. Fig-
ure 4 summarizes the results of our measurements: in
samples A2 and A3, MoS2 MLs are stacked on top of
MoS2 flakes containing ML and multilayer regions, so
that, both, aBLs and few-layer MoS2 with an additional
ML on top are available for study. While 2-H-stacked
bilayers show a clear shear mode signal, we do not ob-
serve the shear mode in the aBL regions of either sample
in the accessible frequency range above 10 cm−1, indi-
cating a weak interlayer coupling with reduced van der
Waals interaction between adjacent layers. In multilayer
regions covered with an additional ML, we mostly see
that the additional ML only leads to a slight reduction
of the Raman signal amplitude of the shear mode, while
its position typically corresponds to that of a multilayer
without the additional ML, as seen in the red and orange
spectra in Figure 4(a). A deviation from this behavior
is only observed at one position in sample A2 where a
four-layer region is covered with an additional ML. Here,
a shear mode signal corresponding to the frequency for
5 layers is observed (light-blue spectrum in Figure 4(a)),
albeit with a reduced intensity compared to an adjacent
2H-stacked 5-layer region (dark-yellow spectrum). All re-
sults of measurements on samples A2 and A3 are summa-
rized in 4(b), multiple datapoints in this graph indicate
measurements on different regions with the same number
of layers. With the exception discussed above, the shear
mode frequencies observed are in good agreement with
previous reports for 2H-stacked MoS2
36–38.
In sample C1, in which the previous Raman measure-
ments indicated a larger interlayer coupling than in sam-
ple A2, almost all of the aBL and aTL regions are devoid
of shear mode signals. However, in a part of the aTL re-
gion of the left petal, we find a weak signal corresponding
to the mode frequency of a 2-H-stacked bilayer (red spec-
trum in Figure 4(c)), indicating a local change of the in-
terlayer coupling to larger values. While the aTL region
in which we observe this shear mode signal is significantly
larger than the laser spot size, the weak signal indicates
that the shear mode only develops in small patches of
the aTL. In the photoluminescence measurements dis-
cussed below, we do not observe effects related to locally
enhanced interlayer coupling in this region. The low-
frequency Raman spectroscopy results indicate that the
shear mode is highly sensitive to the interlayer coupling,
but unsuitable to determine a gradual decoupling of adja-
cent layers, as it is not observable under these conditions.
B. Second harmonic generation microscopy
We now turn to the discussion of SHG microscopy mea-
surements. This technique39,40 has emerged as a highly
useful tool to determine the crystallographic orientation
of dichalcogenide monolayers, to clearly separate odd-
and even-numbered layer regions in 2H-stacked dichalco-
genides, and to study the stacking angle in twisted bi-
layers41. SHG is only allowed in crystal structures with-
out an inversion center. In few-layer 2H-stacked flakes
of MoS2 and related dichalcogenides like WS2, WSe2
and MoSe2, the crystallographic point group, and the
corresponding presence of an inversion center, depends
on the number of layers: structures with an odd num-
ber of layers belong to the D3h point group, which lacks
an inversion center, while structures with an even num-
ber of layers belong to the D3d point group, which con-
tains an inversion center. Therefore, SHG is suppressed
in even-numbered 2H-stacked flakes. In odd-numbered
layers, polarization-dependent SHG measurements allow
to determine the crystallographic orientation: the elec-
tric field amplitude E2ω‖ of the second harmonic that
is polarized parallel to the fundamental laser field am-
plitude Eω depends on the angle φ between the laser
field polarization and the armchair direction of the crys-
tal lattice: E2ω‖ ∼ cos(3φ). The resulting SHG inten-
sity I2ω‖ = E22ω‖ ∼ cos2(3φ) has six-fold symmetry28.
The SHG component I2ω⊥ polarized perpendicular to
the fundamental laser field is given by I2ω⊥ ∼ sin2(3φ),
so that the total SHG intensity is independent of φ. In
odd-numbered 2H-stacked flakes, the total SHG intensity
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FIG. 5. Second-harmonic-generation microscopy: (a)
False color plot of the SHG intensity under circularly polar-
ized excitation for sample A2. The colored circles indicate
the regions where the polarization-dependent measurements
shown in (b) were performed. (b) Polar plots of the SHG
intensity dependence on polarization under linearly polarized
excitation for the two ML and the aBL regions on sample A2.
Solid lines indicate fits to the data. (c) False color plot of the
SHG intensity under circularly polarized excitation for sample
C1. The stacking angles determined from the SHG intensity
for three different aBL regions are indicated by the black ar-
rows. The dashed orange outline marks the 2H-stacked BL
region of sample C1 which does not show any SHG intensity.
drops with increasing number of layers due to interlayer
coupling and resulting changes in the band structure39.
By contrast, in artificial bilayer stacks, in which the
individual layers are decoupled, the SHG intensity varies
with the relative stacking angle due to interference be-
tween the SHG fields of the monolayers41. The total
SHG intensity for an artificial bilayer is given by
I2ω(ϕ) = I1 + I2 + 2
√
I1I2 cos(3ϕ), (1)
where I1 and I2 are the total SHG intensities for the in-
dividual MLs and ϕ is the stacking angle, e.g., the angle
between two armchair directions in the adjacent layers.
Thus, for equal I1 and I2, I2ω may vary between zero and
4I1. It should be noted that even in aBLs which show
zero SHG intensity, the alignment of the layers may differ
from the 2H stacking, e.g., due to an in-plane translation
of the layers relative to each other, or an increased inter-
layer spacing. Figure 5(a) shows a false color plot of the
total SHG intensity of sample A2 under circularly po-
larized excitation. The color scale has been normalized
to the SHG intensity of the ML regions. Averaging the
SHG intensity in the aBL region we find that it is about
3 times larger than in the ML, indicating partially con-
structive interference of the individual ML SHG fields.
Using equation 1 and utilizing that I1 = I2, as seen in
Figure 5(a), we can estimate the stacking angle to be
ϕ ≈ 20 degrees.
A more precise measurement of the stacking angle is
possible by performing angle-dependent SHG intensity
measurements on the individual MLs and the aBL, us-
ing linearly polarized excitation and detection of I2ω‖
with an analyzer in the beam path. The results are de-
picted in the polar plots in Figure 5(b). For each ML
and the aBL, I2ω‖ has a six-fold symmetry, so that angle-
dependent measurements spanning a range of 90 degrees
are sufficient to determine the orientation of an armchair
direction in the MLs with respect to horizontal polar-
ization of the incident electric field, corresponding to
φ = 0. By fitting the measured SHG intensities using
I2ω‖ = C · cos2(3φ + φ0), we find armchair orientations
of 35 degrees (bottom ML) and 21 degrees (top ML),
yielding a relative stacking angle of ϕ = 14 degrees. As
expected, the maximum SHG intensity for the aBL is ob-
served for an angle of 28 degrees, which is the average of
the angles observed for the two MLs.
Figure 5(c) shows a false color plot of the total SHG
intensity of sample C1 under circularly polarized excita-
tion. The color scale has been normalized to the SHG
intensity of the ML region. We clearly see that the to-
tal SHG intensity for the different aBL regions is dif-
ferent, but always significantly larger than that of the
ML. By contrast, the 2H-stacked BL region of the sam-
ple (marked by the orange outline) does not show any
SHG intensity due to the inversion symmetry of the na-
turally stacked bilayer. We can again estimate the rela-
tive stacking angles for the aBL regions using equation 1.
The stacking angles are given in Figure 5(c). For three
of the four petals formed by the aTLs, we also observe
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FIG. 6. Room-temperature PL measurements on sam-
ple A2: (a) False color plot of the A exciton PL intensity.
The colored circles mark the positions of the PL spectra shown
in (b). The microscope image in the inset shows the PL scan
region marked by the dashed white outline. (b) PL spectra of
top and bottom ML, aBL, and ML on few-layer MoS2 regions.
increased SHG intensity, while the lower left petal aTL
shows a reduced intensity. Given that these regions con-
sist of three layers with two independent stacking angles
between adjacent MLs, we cannot determine the stacking
angles from the total SHG intensity, only. In contrast to
sample A2, the crystallographic orientation of the con-
stituent MLs of the artificially stacked regions in sample
C1 cannot be independently established by polarization-
resolved SHG measurements due to the folding.
C. Photoluminescence spectroscopy
Next, we discuss photoluminescence measurements on
our samples. In recent years, PL has been used to
study the transition from an indirect to a direct band
gap in MoS2 monolayers
11,12, and to investigate val-
ley18,19,42 and (charged) exciton14,43 physics. We first
present room-temperature PL results. Figures 6(a) and
7(a) show false color plots of the A exciton PL intensity
in samples A2 and C1. In sample A2, we find that the
two ML regions have different PL intensities, with the
bottom ML PL being about twice as intense (black and
red spectra in Figure 6(b)). Such variations in PL inten-
sities between individual MoS2 flakes are quite common
due to the mineral bulk source material. Remarkably,
the aBL region (blue spectrum in Figure 6(b)) shows an
A exciton PL intensity that is similar to the bottom ML,
with a slight broadening and redshift of the emission by
about 10 meV. This observation is in striking contrast
to previous reports on aBLs25,27,28, where a pronounced
suppression of the A exciton emission was seen. In two
of these studies25,28, this reduction was combined with
the appearance of a lower-energy PL peak, indicating a
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FIG. 7. Room-temperature PL measurements on sam-
ple C1: (a) False color plot of the A exciton PL intensity.
The colored circles mark the positions of the PL spectra shown
in (b). The microscope image in the inset shows the PL scan
region marked by the dashed white outline. (b) PL spectra
of ML, aBL, and aTL regions.
changeover in the aBLs to an indirect band gap. Such
a low-energy peak is absent in our samples. Therefore,
we can infer that the MLs forming our aBL structure are
electronically decoupled and retain the direct-gap band
structure of an isolated ML. The most likely reason for
this decoupling is the presence of adsorbates in between
the individual layers, which increase the interlayer dis-
tance in the artificial structure. We find, however, that
the aBL PL emission in our sample cannot simply be de-
scribed by a sum of the two ML PL spectra, as we would
expect for decoupled layers. In the few-layer (fewL) re-
gion covered by the top ML, a PL signal which stems
from the ML is still observable (orange spectrum in Fig-
ure 6(b)), but also redshifted and significantly weaker
than that of the top ML on the bare SiO2 substrate.
A similar behavior is observed in sample C1, see Fig-
ure 7: here, the PL intensity emitted from aBL (red
spectrum in Figure 7(b)) and aTL (blue and orange spec-
tra) regions is also redshifted by about 10 meV, but even
weaker than that of the ML (black spectrum). To explain
the changes of the PL emission in our artificially stacked
regions, we need to consider resonant energy transfer
(RET) processes between the individual layers. Such a
transfer process presents an additional decay channel for
excitons, which may either recombine radiatively, emit-
ting PL, decay nonradiatively within the ML, or transfer
their energy to the adjacent layer via RET. Given that
the quantum yield for ML MoS2 is well below 1 percent
11,
almost all of the energy transferred between layers via
RET will be lost due to nonradiative processes. Thus,
RET acts as an additional luminescence-quenching mech-
anism in the artificial structures, which can be described
by an additional nonradiative decay rate, which needs
8to be added to the nonradiative decay rate within an
individual layer. Naturally, this mechanism does not in-
fluence the instantaneous scattering processes studied by
Raman and SHG microscopy. Nonradiative energy trans-
fer into two-dimensional crystal structures, especially
graphene, has been studied intensely in recent years44–46.
Due to the large, in-plane dipole moment47 of excitons
in ML MoS2, nonradiative energy transfer between MLs
can be very efficient, but being mediated by dipole-dipole
interaction, it has a very strong dependency on the dis-
tance d between energy donor and accepting layer, which
was found to scale like d−2.5 for ML MoS248.
This strong distance dependency may explain the qual-
itative differences we observe between samples A2 and
C1: in sample C1, we see more pronounced changes to
the Raman spectra in the aBL and aTL regions than in
sample A2, which indicates larger interlayer coupling due
to a smaller interlayer distance. Hence, we may expect
RET between individual MLs to be more efficient in sam-
ple C1, yielding a larger nonradiative recombination rate.
This leads to an enhanced suppression of the PL emis-
sion, as observed in our measurements. The redshift of
the PL emission that we observe may also be attributed
to the RET mechanism. RET will preferentially occur
from states that spectrally match the absorption max-
imum of the adjacent layer. The PL emission of ML
MoS2 flakes is inhomogeneously broadened, in part due
to surface adsorbates49, and Stokes-shifted to lower en-
ergy with respect to the absorption maximum. Thus,
RET will predominantly deplete states corresponding to
the higher-energy part of the PL emission, so that an
effective redshift occurs.
Low-temperature PL measurements confirm the pres-
ence of the RET mechanism. As Figure 8(a) shows, there
are qualitative changes in the PL emission of the different
regions in sample A2: at liquid-helium temperature, the
PL intensity of the aBL region (blue spectrum in Fig-
ure 8(a)) is higher than that of the bottom ML (black
spectrum), and there is no discernible redshift. For the
ML region on top of the few-layer MoS2 (orange spec-
trum), the PL intensity is not reduced compared to that
of the top ML on the bare SiO2 substrate (red spectrum),
in stark contrast to the PL results obtained at room tem-
perature in this region.
In sample C1 (see Fig. 9(a)), a similar, but less pro-
nounced trend is observable, with reduced redshifts and
increased PL intensity in the aBL (blue spectrum in Fig-
ure 9(a) and aTL(orange spectrum) regions compared to
the ML region (black spectrum). The changes observed
in the PL emission of the artificially stacked regions in our
samples indicate that the RET mechanism is effectively
suppressed at low temperatures. This suppression is due
to the changing photocarrier dynamics: time-resolved PL
measurements show that at low temperatures, the PL de-
cays on the few-ps timescale, while a longer-lived com-
ponent develops with increasing temperature22,50, most
likely due to exciton-phonon scattering processes. Thus,
reducing the temperature will increase the radiative re-
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FIG. 8. Low-temperature PL measurements using
near-resonant excitation on sample A2: (a) PL spec-
tra of top and bottom ML, aBL and ML on few-layer MoS2
regions. Each spectrum is the sum of the spectra collected
under co- and contra-circular excitation/detection. The spec-
trally averaged PL polarization degree is given next to the
spectra. (b) helicity-resolved PL spectra of bottom ML re-
gion and resulting PL polarization degree. (c) False color
plot of the PL polarization degree. The colored circles mark
the positions of the PL spectra shown in (a). The microscope
image in the inset shows the PL scan region marked by the
dashed white outline.
combination rate, while the competing RET rate, which
is determined by the interlayer coupling, remains con-
stant, so that the RET process is effectively suppressed,
leading to the observed changes in PL intensity and po-
sition. In sample C1, which shows a stronger interlayer
coupling, the RET rate is larger, so that temperature-
induced changes of the photocarrier recombination dy-
namics have a smaller impact.
Finally, we discuss the valley polarization in our sam-
ples. In our samples A2 and C1, we find that already for
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FIG. 9. Low-temperature PL measurements using
near-resonant excitation on sample C1: (a) PL spec-
tra of ML, aBL and aTL regions. Each spectrum is the sum
of the spectra collected under co- and contra-circular exci-
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(c) False color plot of the PL polarization degree. The col-
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the ML regions, the observed circular polarization de-
gree varies substantially, as seen in Figures 8(a),(b) and
9(a),(b). For sample A2, we find average values of about
61 percent and 57 percent for the bottom and top MLs,
respectively, while for sample C1, the value is substan-
tially lower, only 35 percent. In both samples, the A ex-
citon transition energy is similar, so that we can exclude
depolarization effects due to different excess energies pro-
vided by the fixed laser excitation42. Therefore, we have
to attribute these variations from flake to flake to differ-
ent concentrations of crystal defects and ionized impuri-
ties, which influence momentum scattering rates. While
the mechanisms for valley depolarization are currently
under intense discussion51–54, momentum scattering at
defects is a possible valley dephasing channel. In the
aBL region of sample A2, we do not observe any appar-
ent reduction of the valley polarization compared to the
MLs, as indicated in the false color map in Figure 8(c).
By contrast, in sample C1, all aBL and aTL regions
show a clear reduction of the valley polarization by about
7 percent, which is near-homogenous for all artificial re-
gions, see Figure 9(a) and (c). Given that the SHG map-
ping for sample C1 clearly demonstrates different stack-
ing angles for the different aBL and aTL regions, and
that Raman spectroscopy indicates different interlayer
coupling, we can exclude a systematic influence of these
parameters on the valley polarization in our sample. One
possible explanation for the reduced valley polarization in
the aBL and aTL regions is an increased effective density
of scattering centers in these folded regions: an ionized
impurity present in the flake may also provide a scatter-
ing center in the adjacent layer within the folded region,
as its stray field modifies the local potential. Therefore,
the density of scattering centers due to ionized impuri-
ties effectively doubles in the folded region compared to
the isolated monolayer. In sample A2, this effect is not
observable for two reasons: based on the large circular
polarization degree observed in the individual monolayer
regions, we may assume that the defect concentration is
lower in this sample. Additionally, we can infer from our
Raman spectroscopy measurements that the interlayer
distance is larger in the aBL region of sample A2 than in
the aBL and aTL regions of sample C1. Hence, the effect
of an ionized impurity in one layer on the local potential
in an adjacent layer will be reduced.
IV. CONCLUSION
In summary, we have used optical spectroscopy to
study the electronic and vibrational coupling in artifi-
cial MoS2 bilayer and trilayer structures created either
by random folding of flakes during exfoliation or by re-
peated deterministic stacking processes. We find that
in all of our structures, the interlayer coupling is insuffi-
cient to modify the band structure or influence the crystal
symmetry properties that govern valley physics in MoS2,
regardless of the relative stacking angle, which we deter-
mine by second-harmonic generation microscopy. How-
ever, a clear effect on the characteristic Raman modes
is observable and allows us to qualitatively compare the
degree of interlayer coupling between different samples,
and we find that it is significantly smaller in artificial
structures created by deterministic stacking. Most likely,
this is due to the long time interval in which the individ-
ual flakes are exposed to ambient conditions before the
stacking process can be performed. During this time,
adsorbates can accumulate at the exposed surfaces and
act as a spacer layer in the artificial stack. By contrast,
the random folding of flakes occurs directly during the
exfoliation process. Even though there are no changes
to the band structure, the photoluminescence emission
10
in all of the artificial structures is strongly modified due
to resonant energy transfer between the individual lay-
ers. At low temperatures, this mechanism is partially
suppressed due to changes of the photocarrier dynam-
ics. Our findings may play an important role in the de-
sign of future artificial two-dimensional crystal structures
for opto-electronics: dipolar coupling between individual
monolayers must be taken into account as a potential lu-
minescence quenching mechanism, even if the layers are
electronically decoupled.
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